Introduction {#Sec1}
============

Coronary artery disease (CAD) is the major cause of mortality and morbidity in the World^[@CR1],[@CR2]^. Although substantial studies have emphasized the role of hemodynamic stimuli on CAD^[@CR3],[@CR4]^, the mechanical properties of coronary artery wall are fundamental for understanding the basic mechanisms of these diseases^[@CR5]--[@CR7]^. Since the intima layer does not contribute to mechanical properties of the vessel wall^[@CR8]^, the arterial mechanics is generally performed in a two-layer model; i.e., intima-media (IM) and adventitia layers. Collagen fibers and elastin networks in the entire vessel wall determine passive mechanical properties and smooth muscle cells (SMCs) in the IM layer dictate active properties.

Uniaxial studies of circumferential passive and active mechanical properties of the vessel wall are very prevalent^[@CR9]--[@CR16]^ while a few biaxial models have been proposed in the circumferential and axial directions^[@CR17]--[@CR19]^. The transmural changes of radial stresses and strains can also contribute to vascular function (e.g., SMC migration) in response to abnormal hemodynamic stimuli (e.g., high blood pressure). To our knowledge, there is still no three-dimensional (3D) mechanical analysis of both active and passive stress-strain relations in a two-layer model of coronary arteries.

The objective of this study was to determine triaxial (circumferential, axial and radial) active and passive mechanical properties in the entire vessel wall and IM layer of porcine coronary artery. Based on the constitutive relation, a two-layer model was developed to compute the transmural distribution of circumferential and radial stresses and strains across the vessel wall. A large-scale global search algorithm (i.e., genetic algorithm) was developed to quantify material constants of 3D active and passive strain energy functions based on the experimental measurements^[@CR17],[@CR18]^. The significance, implications and limitations of the study are discussed to improve the understanding of coronary arterial mechanics.

Methods {#Sec2}
=======

Existing Data {#Sec3}
-------------

Huo *et al*. have previously reported passive and active mechanical tests in the intact vessel wall and IM layer of porcine right coronary arteries (RCA)^[@CR17],[@CR18]^. Briefly, 5 farm pigs weighing 28 ± 5 Kg were used for mechanical test in the intact vessel wall^[@CR18]^. RCA was isolated from the heart and cannulated on both ends with the connector in an organ bath containing HEPES PSS at 37 °C and aerated with 95% O~2~-5% CO~2~. The 37 °C PSS in bath was replaced by 60 mM K^+^ PSS at the same temperature. After the vessel was preconditioned several times to obtain reproducible mechanical data at axial stretch ratio (*λ* ~*z*~) of 1.3 and 1.5, transmural pressures were varied from 20 to 200 mmHg by an increment of 20 mmHg. The changes of diameter and axial force were recorded. After the active test, the organ bath was filled with Ca^2+^-free Krebs solution to relax the RCA. After removal of vasoactivity, the passive pressure-diameter-axial force relation of the vessel was determined for $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{z}$$\end{document}$ = 1.3 and 1.5 similar to the active protocol. Moreover, 6 farm pigs weighing 30 ± 5 Kg were used for the study of RCA IM layer^[@CR17]^. After the adventitia of RCA was carefully dissected with the aid of a stereomicroscope to ensure that the IM layer remained entire, we repeated the same procedure as that in the entire vessel wall. In the study, superscripts "IM" and "A" refer to the IM and adventitia layers, respectively.

Mathematical models {#Sec4}
-------------------

Fung's 3D model without shear deformation^[@CR20]--[@CR22]^ was selected to characterize passive mechanical properties and a previous 2D active model^[@CR17],[@CR18]^ is extended to describe active mechanical properties. Hence, 3D passive and active strain energy functions ($\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{\theta \theta },{E}_{zz}$$\end{document}$, and *E* ~*rr*~ are circumferential, axial and radial Green strains, respectively; and $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{r}=\frac{1}{{\lambda }_{\theta }{\lambda }_{z}}$$\end{document}$, where *l* and *l* ~0~ are circumferential lengths in loaded and zero-stress states; and *L* and *L* ~0~ are axial lengths in loaded and no-load states (the axial length at the no-load state is assumed equal to that at the zero-stress state)^[@CR9]^. Although an actively contracting system is not necessarily described by a strain-energy function, this approach is used here to obtain an empirical fit to the observed active mechanical properties. Moreover, the first Piola-Kirchhoff (1^st^ PK) stresses ($\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{rr}$$\end{document}$) are computed from the 3D strain energy functions theoretically (see Appendix A).

Determination of material constants {#Sec5}
-----------------------------------

Passive material constants are determined by minimizing the square of difference between theoretical and experimental values of passive 1^st^ PK stresses as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$h={r}_{o}-{r}_{i}$$\end{document}$ refer to transmural pressure, inner radius, and wall thickness in loaded state, respectively (*r* ~*o*~ is the outer radius and *A* ~0~ the wall area in no-load state), $\documentclass[12pt]{minimal}
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A large-scale global search algorithm, genetic algorithm (GA)^[@CR23]^, was used to minimize the error function as expressed by Eqs \[[2](#Equ2){ref-type=""}\] and \[[3](#Equ3){ref-type=""}\] given that $\documentclass[12pt]{minimal}
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                \begin{document}$$-{a}_{1}{a}_{3} > 0$$\end{document}$ to satisfy the hyperelasticity condition^[@CR24],[@CR25]^. Briefly, a MATLAB code was developed to determine material constants based on the MATLAB Genetic Algorithm Toolbox, similar to previous studies^[@CR26],[@CR27]^. A number of parameters were selected, including the size of the population, probability of crossover, and mutation; scale for mutation and Tournament probability; and number of generations. The search was initiated for the best material constants obtained from the Marquardt-Levenberg (M-L) method. The following search steps were like a previous study^[@CR27]^.

A two-layer computational model {#Sec6}
-------------------------------

Similar to a previous study^[@CR17]^, a two-layer model (see Appendix B) was demonstrated to compute the transmural distribution of stresses and stretches across the vessel wall at passive and active states. Material constants of the 3D passive strain energy function for IM and adventitia layers as well as stress-free geometry were consistent with those in Tables [A1](#MOESM1){ref-type="media"} and [A2](#MOESM1){ref-type="media"} of ref.^[@CR17]^. Material constants (*C* ~2~ = 28.92, *b* ~1~ = 0.43, *b* ~2~ = 1.62, *b* ~3~ = 4.38, and *b*′ = 4.87) of the 3D active strain energy function in the IM layer were determined by the optimal fit of all six RCA IM layers. The transmural distribution of stresses was computed at healthy and pressure-overload states.

Data Analysis {#Sec7}
-------------

ANOVA (SigmaStat 3.5) was used to compare 3D experimental and theoretical results of passive and active mechanical properties in circumferential, axial and radial directions, where p value \<0.05 represented the statistically significant difference. Moreover, we carried out the sensitivity analysis of material constants $\documentclass[12pt]{minimal}
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                \begin{document}$${b}_{1} \sim {b}_{3}$$\end{document}$ in the 3D active strain energy function to determine the effects on the active 1^st^ PK stresses, which was compared with the 2D active model^[@CR17],[@CR18]^.

Results {#Sec8}
=======

Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} list material constants of Fung's passive and K^+^-induced active 3D strain energy functions in the entire vessel wall and IM layer of each RCA, respectively. Good agreement is demonstrated between experimental measurements and theoretical predictions with parameters fitted by the genetic algorithm. Figures [1A](#Fig1){ref-type="fig"}, [2A](#Fig2){ref-type="fig"} and [3A](#Fig3){ref-type="fig"} show circumferential, axial and radial 1^st^ PK stresses, respectively, as a function of $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta passive} > {T}_{zzpassive} > |{T}_{rrpassive}|$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta active} > {T}_{zzactive} > |{T}_{rractive}|$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta total} > {T}_{zztotal} > |{T}_{rrtotal}|$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta }\cong 2{T}_{zz}\cong 5|{T}_{rr}|)$$\end{document}$. Figures [1B](#Fig1){ref-type="fig"}, [2B](#Fig2){ref-type="fig"} and [3B](#Fig3){ref-type="fig"} show the three 1^st^ PK stresses as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\lambda }_{\theta }$$\end{document}$ with an interval of 0.05 from 1.1 to 1.45 for the IM layer, which presents that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta }^{IM} > {T}_{zz}^{IM} > |{T}_{rr}^{IM}|$$\end{document}$ in active and passive states similar to the entire vessel wall. At a circumferential stretch ratio (e.g., at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\lambda }_{\theta }$$\end{document}$ of 1.4), the passive 1^st^ PK stresses have higher values in the IM layer than the entire vessel wall despite similar active values. Furthermore, Fig. [4A and B](#Fig4){ref-type="fig"} show the sensitivity analysis of material constants $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${b}_{1} \sim {b}_{3}$$\end{document}$ in the 3D active strain energy function for active 1^st^ PK stresses $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta ,active}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{rr,active}$$\end{document}$, respectively, in the vessel wall. Figure [4C](#Fig4){ref-type="fig"} presents the corresponding sensitivity analysis in the 2D active model. The plots in Figs [1](#Fig1){ref-type="fig"}--[4](#Fig4){ref-type="fig"} show the averaged values over the entire wall or IM layer thickness.Table 1Material constants of Fung's passive and K+-induced active 3D strain energy functions in the entire vessel wall.Animal No.*C* ~1~*a* ~1~*a* ~2~*a* ~3~*a* ~4~*a* ~5~*a* ~6~$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{\theta }}{\boldsymbol{\theta }},{\boldsymbol{passive}}}}^{{\bf{2}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{zz}},{\boldsymbol{passive}}}}^{{\bf{2}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{rr}},{\boldsymbol{passive}}}}^{{\bf{2}}}$$\end{document}$Heart 15.701.966.606.111.726.701.640.9640.9530.957Heart 23.643.029.605.701.198.201.610.9740.9680.968Heart 39.302.442.131.713.513.994.160.9380.9020.935Heart 44.724.813.308.6310.305.022.810.9210.9320.937Heart 58.103.021.191.6111.222.360.500.9020.8780.941Mean6.293.054.564.755.595.252.150.9400.9270.948SD2.351.083.483.044.812.281.390.030.030.01**Animal No**.***C*** ~**2**~***b*** ~**1**~***b*** ~**2**~***b*** ~**3**~***b*** **′**$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{\theta }}{\boldsymbol{\theta }},{\boldsymbol{active}}}}^{{\bf{2}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{zz}},{\boldsymbol{active}}}}^{{\bf{2}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{rr}},{\boldsymbol{active}}}}^{{\bf{2}}}$$\end{document}$Heart 117.60.541.082.405.450.9080.9380.914Heart 212.30.250.411.029.430.9120.9360.951Heart 37.780.180.440.6811.80.9810.9390.941Heart 411.10.791.213.724.060.9200.8990.902Heart 515.10.480.991.625.630.9180.9750.927Mean12.80.450.831.897.280.9280.9370.927SD3.760.240.371.213.220.030.030.02 Table 2Material constants of Fung's passive and K^+^-induced active 3D strain energy functions in the IM layer.Animal No.*C* ~1~*a* ~*1*~*a* ~2~*a* ~3~*a* ~4~*a* ~5~*a* ~6~$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{\theta }}{\boldsymbol{\theta }},{\boldsymbol{passive}}}}^{{\bf{2}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{zz}},{\boldsymbol{passive}}}}^{{\bf{2}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{rr}},{\boldsymbol{passive}}}}^{{\bf{2}}}$$\end{document}$Heart 16.292.791.645.492.503.202.110.9990.9990.999Heart 24.583.512.294.14.222.722.930.9920.9930.992Heart 37.215.232.565.674.214.562.440.9980.9900.986Heart 42.384.453.283.263.843.521.260.9500.9530.946Heart 54.416.635.684.134.635.726.190.9080.8910.910Heart 65.927.165.213.025.996.264.990.9230.9280.922Mean5.134.963.444.284.234.333.320.9620.9590.959SD1.711.511.551.040.841.481.990.040.040.04**Animal No**.***C*** ~**2**~***b*** ~**1**~***b*** ~**2**~***b*** ~**3**~***b*** **′**$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{\theta }}{\boldsymbol{\theta }},{\boldsymbol{active}}}}^{{\bf{2}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{zz}},{\boldsymbol{active}}}}^{{\bf{2}}}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\boldsymbol{R}}}_{{{\boldsymbol{T}}}_{{\boldsymbol{rr}},{\boldsymbol{active}}}}^{{\bf{2}}}$$\end{document}$Heart 149.80.551.134.664.790.9970.9910.996Heart 247.50.430.921.606.280.9950.9970.996Heart 342.10.491.053.145.230.9970.9960.998Heart 440.30.641.327.373.960.9550.9890.942Heart 540.20.340.725.775.940.9640.9790.959Heart 645.20.581.223.204.860.9660.9820.962Mean44.20.511.064.295.180.9790.9890.976SD3.630.100.201.900.770.020.010.02 Figure 1Circumferential first Piola-Kirchhoff stress ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta }$$\end{document}$) as a function of circumferential stretch ratio ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\lambda }_{\theta }$$\end{document}$) with an interval of 0.05 from 1.1 to 1.7 for the entire vessel wall (**A**) and from 1.1 to 1.45 for the IM layer (**B**). Total stress (□ marks with error bars of SD): $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${(\frac{P{r}_{i}}{{\lambda }_{\theta }h})}_{total}$$\end{document}$ at vasoconstriction; passive stress (△ marks with error bars of SD): $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${(\frac{P{r}_{i}}{{\lambda }_{\theta }h})}_{passive}$$\end{document}$ at vasodilation. The dash line, dash dot line and dash line in round point refer to theoretical passive, total and active stresses, respectively. The plots show the averaged values over the entire wall or IM layer thickness. Figure 2Axial first Piola-Kirchhoff stress ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{zz}$$\end{document}$) as a function of circumferential stretch ratio ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\lambda }_{\theta }$$\end{document}$) with an interval of 0.05 from 1.1 to 1.7 for the entire vessel wall (**A**) and from 1.1 to 1.45 for the IM layer (**B**). Total stress (□ marks with error bars of SD): $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{1}{{\lambda }_{z}}{[\frac{F}{\pi ({r}_{o}^{2}-{r}_{i}^{2})}+\frac{P{r}_{i}^{2}}{h({r}_{o}+{r}_{i})}]}_{total}$$\end{document}$ at vasoconstriction; passive stress (△ marks with error bars of SD): $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{1}{{\lambda }_{z}}{[\frac{F}{\pi ({r}_{o}^{2}-{r}_{i}^{2})}+\frac{P{r}_{i}^{2}}{h({r}_{o}+{r}_{i})}]}_{passive}$$\end{document}$ at vasodilation. The dash line, dash dot line and dash line in round point refer to theoretical passive, total and active stresses, respectively. The plots show the averaged values over the entire wall or IM layer thickness. Figure 3Radial first Piola-Kirchhoff stress ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{rr}$$\end{document}$) as a function of circumferential stretch ratio ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\lambda }_{\theta }$$\end{document}$) with an interval of 0.05 from 1.1 to 1.7 for the entire vessel wall (**A**) and from 1.1 to 1.45 for the IM layer (**B**). Total stress (□ marks with error bars of SD): $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${[\frac{-{r}_{i}P}{({r}_{o}+{r}_{i}){\lambda }_{r}}]}_{total}$$\end{document}$ at vasoconstriction; passive stress (Δ marks with error bars of SD): $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${[\frac{-{r}_{i}P}{({r}_{o}+{r}_{i}){\lambda }_{r}}]}_{passive}$$\end{document}$ at vasodilation. The dash line, dash dot line and dash line in round point refer to theoretical passive, total and active stresses, respectively. The plots show the averaged values over the entire wall or IM layer thickness. Figure 4(**A**,**B**) Sensitivity analysis of material constants $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${b}_{1} \sim {b}_{3}$$\end{document}$ in the 3D active strain energy function for active 1^st^ PK stresses $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta ,active}$$\end{document}$ (**A**) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{rr,active}$$\end{document}$ (**B**), where *b* ~1~ = 0.35, *b* ~2~ = 0.47, and *b* ~3~ = 1.89 (i.e., material constants determined by the optimal fit of 5 entire RCA walls); (**C**) Sensitivity analysis of material constants *b* ~1~ and *B* ~2~ in the 2D active strain energy function (ref.^[@CR17]^) for active 1^st^ PK stress $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{\theta \theta ,active}$$\end{document}$, where *b* ~1~ = 0.12 and *b* ~2~ = 0.18. The plots show the averaged values over the entire wall thickness.

Figure [5A and B](#Fig5){ref-type="fig"} show the transmural distribution of circumferential and radial Cauchy stresses, respectively, across the normalized vessel wall at $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{z}$$\end{document}$ of 1.3, transmural pressure of 80 mmHg, and wall thickness of 0.22 mm. Circumferential Cauchy stresses between IM and adventitia layers are discontinuous with significantly higher values in the IM layer. Figure [5C and D](#Fig5){ref-type="fig"} show the transmural distribution of circumferential and radial stretch ratios, both of which present discontinuity at the interface between IM and adventitia layers. In contrast, radial Cauchy stresses are continuous across the entire vessel wall. In particular, K^+^-induced vasoconstriction significantly decreases circumferential Cauchy stresses (\~15%, p value \< 0.05) in the IM layer, but has relatively negligible effects on radial Cauchy stresses, which results in an increased ratio of radial to circumferential Cauchy stresses in the IM layer.Figure 5(**A**,**B**) Transmural distribution of circumferential Cauchy stress $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{z}$$\end{document}$ of 1.3 and transmural pressure of 80 mmHg. The results were computed when the 3D active strain energy function was applied to the IM layer and the 3D passive strain energy function was applied to the entire vessel wall (*h* = 0.22 mm with the thickness of IM layer equal to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{h}{2}$$\end{document}$).

We investigated the effects of pressure overload on the transmural distribution of Cauchy stresses. Figure [6A and B](#Fig6){ref-type="fig"} show the transmural distribution of circumferential and radial Cauchy stresses, respectively, across the normalized vessel wall under the active state. The transmural pressure and wall thickness increase to 160 mmHg and 0.44 mm (twofold increase from those in Fig. [5](#Fig5){ref-type="fig"}), respectively, to mimic pressure overload. This significantly increases the radial Cauchy stresses despite the relatively unchanged circumferential values. Moreover, an increase in the thickness ratio of IM layer to the entire vessel wall leads to an increase and decrease of radial and circumferential Cauchy stresses, respectively.Figure 6Transmural distribution of circumferential Cauchy stress $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{z}$$\end{document}$ of 1.3 and transmural pressure of 160 mmHg. Corresponding to Fig. [5](#Fig5){ref-type="fig"}, the results were computed when the 3D active strain energy function was applied to the IM layer and the 3D passive strain energy function was applied to the entire vessel wall (*h* = 0.44 mm with the thickness of IM layer equal to $\documentclass[12pt]{minimal}
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We demonstrated a comparison of computational Cauchy stresses from the two-layer model with the 2D or 3D active strain energy function in the IM layer as well as the same 3D passive strain energy function in the vessel wall. Figure [7A](#Fig7){ref-type="fig"} shows the relative difference of circumferential and radial Cauchy stresses (i.e., $\documentclass[12pt]{minimal}
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                \begin{document}$$|\frac{{\sigma }_{r}^{3D}-{\sigma }_{r}^{2D}}{{\sigma }_{r}^{3D}}|$$\end{document}$ at the interface between media and adventitia layers) as the transmural pressure increases from 80 to 160 mmHg. Accordingly, Fig. [7B](#Fig7){ref-type="fig"} shows the relative difference of Cauchy stresses as the thickness of IM layer varies in correspondence with Fig. [6](#Fig6){ref-type="fig"}. There is a significant increase in $\documentclass[12pt]{minimal}
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                \begin{document}$$|\frac{{\sigma }_{\theta }^{3D}-{\sigma }_{\theta }^{2D}}{{\sigma }_{\theta }^{3D}}|$$\end{document}$ with the increase of the transmural pressure and the thickness ratio of the IM layer to the entire vessel wall.Figure 7(**A**) The relative difference of computational Cauchy stresses from the two-layer model with the 2D (ref.^[@CR17]^) or 3D (Eq. [1](#Equ1){ref-type=""}) active strain energy function in the IM layer as well as the same 3D passive strain energy function in the entire vessel wall (i.e., $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{z}$$\end{document}$ of 1.3. The entire vessel wall thickness (the thickness of IM layer equal to *h*/2 in correspondence with Fig. [5](#Fig5){ref-type="fig"}) changes with the transmural pressure to maintain the averaged circumferential Cauchy stress over the entire wall thickness given the uniform circumferential stress hypothesis; (**B**) The relative difference of computational Cauchy stresses from the two-layer model with the 2D (ref.^[@CR17]^) or 3D (Eq. [1](#Equ1){ref-type=""}) active strain energy function in the IM layer as well as the same 3D passive strain energy function in the entire vessel wall (i.e., $\documentclass[12pt]{minimal}
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Discussion {#Sec9}
==========

The study demonstrated a 3D analysis of active and passive mechanical properties of coronary arteries in normal directions, based on the experimental measurements^[@CR17],[@CR18]^. A two-layer model was used to compute the transmural distribution of stresses and stretches across the vessel wall, based on 3D active and passive strain energy functions. The major findings are reported as follows: 1) Good agreement is found between 3D theoretical predictions and experimental measurements; 2) There is a gradual decrease of the 1^st^ PK stresses in a sequence of circumferential, axial and radial directions under active and passive states; and 3) The ratio of radial to circumferential Cauchy stresses in the IM layer has the highest value at the intima layer, which is significantly increased by contraction.

3D active strain energy function {#Sec10}
--------------------------------

We previously carried out biaxial mechanical tests in the entire vessel wall and IM layer of porcine RCAs, based on which 2D active and passive models were determined in circumferential and axial directions^[@CR17],[@CR18]^. The present study extends the previous model to 3D active and passive strain energy functions including the radial stress-strain relationship. The GA method is more likely to reach a global minimum than the traditional L-BFGS method (i.e., limited-memory quasi-Newton method for large-scale optimization)^[@CR28]^. We further enhanced the GA method by estimation of the initial material constants from the M-L method, which significantly reduced the spread of material constants in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}. The improved GA method has the advantage of accuracy over the L-BFGS method in previous studies^[@CR17],[@CR18]^ albeit it is much more time-consuming. Based on the GA method, the error function for total 1^st^ PK stresses in Eq. \[[3](#Equ3){ref-type=""}\] was minimized to determine material constants of the 3D active strain energy function (R^2^ \> 0.92 in the three normal directions) instead of the error function for active 1^st^ PK stresses in the 2D studies (R^2^ \<0.85 in both circumferential and radial directions)^[@CR17],[@CR18]^. Minimizing the error function in Eq. \[[3](#Equ3){ref-type=""}\] by the proposed GA method significantly improved the accuracy of the optimal fit of experimental measurements to the 3D active strain energy function.

Kassab and his colleagues investigated passive mechanical properties of porcine coronary arteries and reported a larger slope of the circumferential stress-strain relation in the physiological pressure range for the IM layer than the entire vessel wall^[@CR26],[@CR27],[@CR29]^, which agrees with Fig. [1A and B](#Fig1){ref-type="fig"}. This study further shows larger passive elastic moduli in the physiological pressure range in all three directions of the IM layer than the entire vessel wall, as shown in Figs [1](#Fig1){ref-type="fig"}--[3](#Fig3){ref-type="fig"}. Since SMCs mainly reside in the IM layer, the peak magnitudes of active stress in the IM layer were similar to those in the entire vessel wall (Figs [1A](#Fig1){ref-type="fig"}, [2A](#Fig2){ref-type="fig"} and [3A](#Fig3){ref-type="fig"} vs. Figures [1B](#Fig1){ref-type="fig"}, [2B](#Fig2){ref-type="fig"} and [3B](#Fig3){ref-type="fig"}).

Material constants *b* ~1~ to *b* ~3~ represent the relative curve width of active stresses as a function of circumferential, axial, and radial stretches, respectively. The sensitivity analysis in Fig. [4](#Fig4){ref-type="fig"} showed that the change of *b* ~3~ affects the peak magnitude of the radial active stress and the corresponding stretch while *b* ~1~ and *b* ~2~ only led to the stretch change in correspondence to the peak value. Similarly, parameters *b* ~1~ and *b* ~2~ in the 3D active model altered circumferential and axial active stresses, respectively, consistent with the 2D active model despite the absence of radial parameters. Since a previous study only carried out the optimal fit of experimental data in the physiological range^[@CR18]^, the small values of *b* ~1~ and *b* ~2~ in the 2D active model referred to the narrower curve width. Furthermore, Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} showed similar values of *b* ~1~ (0.51 ± 0.1 vs. 0.45 ± 0.24) and *b* ~2~ (1.06 ± 0.2 vs. 0.83 ± 0.37) in the IM layer and entire vessel wall, but significantly higher values of *b* ~3~ (4.29 ± 1.9 vs. 1.89 ± 1.21) in the IM layer than the entire vessel wall, which indicated the radial constraint of the adventitia layer. On the other hand, we found that $\documentclass[12pt]{minimal}
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                \begin{document}$${b}_{1}^{IM} < {b}_{2}^{IM} < {b}_{3}^{IM}$$\end{document}$, respectively. Circumferential 1^st^ PK stresses were approximately 5-fold or more of radial values.

Transmural distribution of stresses and stretches {#Sec11}
-------------------------------------------------

A two-layer model was previously developed to compute the transmural distribution of circumferential Cauchy stresses based on the 2D active strain energy function and 3D passive strain energy function^[@CR17]^. Here, the two-layer model was used to determine the transmural distribution of normal Cauchy stresses in all three directions from 3D active and passive strain energy functions. We selected the axial stretch of 1.3, transmural pressure of 80 mmHg, and wall thickness of 0.22 mm to mimic the physiological state of the RCA, similar to a previous study^[@CR17]^. Since the opening angle and zero-stress circumferential length of the IM layer were larger than those of the adventitia layer^[@CR17]^, this led to discontinuous circumferential and radial stretches (despite continuous displacements) at the interface between IM and adventitia layers as well as higher $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda }_{z}$$\end{document}$ of 1.3, as shown in Fig. [5C and D](#Fig5){ref-type="fig"}. On the other hand, circumferential Cauchy stresses increased significantly from the intima layer to the interface between media and adventitia layers, dropped abruptly at the interface, and increased slightly towards the outer boundary of the adventitia layer. In contrast, absolute values of radial Cauchy stress decreased continuously from the inner to outer boundaries of the entire vessel wall albeit the slope in the IM layer was much higher than that in the adventitia layer. There were the highest radial Cauchy stress and stretch, but the lowest circumferential Cauchy stress and stretch at the inner wall of the IM layer. Hence, it is necessary to consider the mechanical stimuli of both circumferential and radial stresses and stretches to the atherosclerosis-prone intima layer.

K^+^-induced SMC contraction significantly reduced circumferential Cauchy stresses in both IM and adventitia layers, but had relatively negligible effects on radial Cauchy stresses. Microstructure observations have shown that radial tilt angle of SMCs is about 8° and much smaller than tilt angles in other directions^[@CR5],[@CR30]--[@CR32]^, which supports the present theoretical predictions. The increased ratio of radial to circumferential Cauchy stresses in active state further indicated the significance of radial stresses in the study of vascular remodeling.

Potential implications for coronary artery mechanics in pressure overload {#Sec12}
-------------------------------------------------------------------------

Wang and Kassab have shown that an increase in opening angle due to acute pressure increase shifts excessive circumferential Cauchy stresses from the IM layer to the adventitia layer^[@CR33],[@CR34]^. Here, we used the two-layer model with 3D active and passive strain energy functions to compute the transmural distribution of circumferential and radial active stresses. Given the uniform circumferential stress hypothesis^[@CR35],[@CR36]^, the transmural pressure and wall thickness in pressure overload were set to 160 mmHg and 0.44 mm (twofold increase from those at the normal state), respectively. This significantly increased the ratio of radial to circumferential stresses (an increase from $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{1}{2}$$\end{document}$ at the intima layer) owing to the constant circumferential stress and the increased radial Cauchy stress that is proportional to the increase in blood pressure, as shown in Fig. [6](#Fig6){ref-type="fig"}. Moreover, we simulated the transmural distribution of active stresses with the increased ratio of IM to Adventitia layer thicknesses, which further increased the ratio of radial to circumferential stresses. This illustrates the importance of radial stresses to coronary artery mechanics in pressure overload.

A comparison with the 2D active strain energy function {#Sec13}
------------------------------------------------------

Wang *et al*. showed the 3D passive mechanical properties in the IM layer and entire vessel wall of porcine coronary arteries and indicated that the 3D passive model served as a foundation for formulation of layer-specific boundary value problems^[@CR26]^. Here, we showed the 3D active mechanical properties in the IM layer. In comparison with the 2D active model^[@CR17],[@CR18]^, the 3D active model revealed the following features: 1) The fit to experimental measurements was improved; 2) The radial term significantly affected the peak magnitude of the radial active stress and the corresponding stretch, but only led to a slight stretch change in correspondence to the peak circumferential active stress (Fig. [4](#Fig4){ref-type="fig"}; 3) $\documentclass[12pt]{minimal}
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Critique of the study {#Sec14}
---------------------

Although this study investigated 3D active and passive mechanical properties in normal directions, the stresses in shear directions were neglected. Multiple CADs (e.g., atherosclerosis, aneurysm, and vessel dissection) change both morphometry and components of vessel wall and affect the distribution of stresses in all three directions. The altered ratio of radial to circumferential stresses may result in the relief or deterioration of these CADs. Hence, the following studies should include stresses in all normal and shear directions of healthy and diseased vessels.

Conclusions {#Sec15}
===========

Material constants of 3D active and passive strain energy functions were determined in the entire vessel wall and IM layers of porcine RCAs. A 3D mechanical analysis demonstrated a gradual decrease of active and passive 1^st^ PK stresses in the order of circumferential, axial and radial directions. Moreover, a two-layer model showed that Cauchy stresses were discontinuous in the circumferential direction, but continuous in the radial direction. The ratio of radial to circumferential Cauchy stress was the highest at the inner boundary of the IM layer, which significantly increased in contraction. This study enhances our understanding the distribution of intramural stresses in vessel wall.
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